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Pellet refueling conditions to allow self-burning has
been investigated by extrapolating conﬁnement prop-
erty of the LHD plasma to clarify essential requirements
for pellet refueling in FFHR-d1. In order to evalu-
ate the self-burning property taking the time evolution
of plasma proﬁles into consideration, the plasma pro-
ﬁle evolution was calculated by the combination of the
simple particle diﬀusion equation and the direct proﬁle
extrapolation (DPE) method in which the normalized
plasma pressure proﬁle obtained from the LHD experi-
ment is directly extrapolated into a burning plasma by
assuming gyro-Bohm type parameter dependence. One
of the signiﬁcant improvements from the previous re-
search is a revaluation of the particle diﬀusion coeﬃcient,
which degrades with increasing heating power density.
To investigate eﬀects of the pellet penetration depth on
the density proﬁle formation and the self-burning prop-
erty, the pellet velocity is decided so that the pellet pen-
etration depth become preset ﬁxed value. The pellet
size is assumed to be about 5 % of the particles in the
background plasma, namely, 2 × 1022 atoms in particle
number, to suppress the fusion output variation.
Under too shallow pellet penetration conditions be-
low λ/a = 0.3, the self-burning condition cannot be sat-
isﬁed due to the insuﬃcient fusion α output as a result of
lacking in the core refueling particles. And furthermore,
the boundary plasma density easily beyond the density
limit in such a shallow pellet refueling conditions. The
self-burning solutions are found when the pellet refuel-
ing particles are deposited beyond λ/a = 0.3. Figure
1 shows the pellet penetration depth dependence of the
density and temperature proﬁles at the minimum fusion
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Fig. 1: Density and temperature proﬁles just before
(broken line) and after (solid line) pellet injection.
output to satisfy the self-burning condition. In the case
of λ/a = 0.3, the density proﬁle inside the pellet de-
posited radius (ρ < 0.7) remain nearly unaﬀected and
ﬂat density proﬁle is formed. The density proﬁle be-
come peak as the pellet penetration depth deepens and
the peaking factor which is deﬁned by ne(0)/n¯e become
1.52 at λ/a = 0.9.
The pellet penetration depth dependence of the
self-burning plasma properties under the minimum fu-
sion output conditions are shown in Figure 2. The pellet
penetration depth aﬀect to the self-burning plasma prop-
erties through the changing plasma proﬁles and the fol-
lowing tendency are seen as the pellet penetration deep-
ens. (a) Central density increase and central temper-
ature decrease, (b) moderation of the minimum fusion
output and increase of the burning rate which is deﬁned
as a ratio between the burned particles and fueled par-
ticles, (c) suppression of the required fueling rate pro-
longing the pellet injection interval. It seems reasonable
to conclude that the deep pellet fueling allows to moder-
ate the technological diﬃculties. On the other hand, (d)
very high-speed pellet injection beyond 10 km/s, which
cannot be attained in present-day injection technology,
is required to allow the deep pellet fueling. Although use
of larger mass pellet can alleviate the diﬃculty of high-
speed pellet injection, the eﬀect is restricted because the
large pellet size may cause unacceptable fusion output
variation.
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Fig. 2: Dependence of the self-burning plasma param-
eters on the normalized pellet penetration depth.
Super-high-density plasma with an internal diﬀu-
sion barrier (IDB) which is observed in the Large He-
lical Device has been extrapolated to a fusion reactor
grade plasma to explore an innovative ignition regime
and to clarify essential requirements for pellet fueling.
The peaked density proﬁles due to the internal diﬀusion
barrier formation allow reduction in the required mini-
mum temperature to sustain a self-burning plasma down
to 10 keV. Direct core fueling beyond the internal dif-
fusion barrier is essential to sustain the peaked density
proﬁle. In order to sustain a self-burning plasma with
an internal diﬀusion barrier, therefore, extremely high
velocity pellet injection beyond 10 km/s is inevitable
unless another solution to the core fueling is found.
In order to estimate the self-burning property of the
IDB plasma taking the time evolution of plasma proﬁles
into consideration, the plasma proﬁle evolution was cal-
culated by the combination of the simple particle diﬀu-
sion equation and the direct proﬁle extrapolation (DPE)
method in which the normalized plasma pressure proﬁle
obtained from the LHD experiment is directly extrap-
olated into a burning plasma by assuming gyro-Bohm
type parameter dependence. The main justiﬁcations for
the direct extrapolation from the LHD experiments to
the self-burning reactor are based on the fact that (i)
the LHD plasma shows gyro-Bohm type parameter de-
pendence under wide experimental conditions, (ii) the
collisionality of the self-burning plasma in a helical reac-
tor (ν∗b ∼ 0.1) is within the range of collisionality under
the LHD experimental conditions, and (iii) the heating
power density in the self-burning plasma is nearly the
same as that in the LHD experiments. The assumed pel-
let size is within a range between 0.5×1022 and 6.4×1022
atoms per pellet and it correspond to the ratio within a
range between 2.5 % and 32 % to the number of the par-
ticles contained in the target plasma. It is assumed that
the IDB foot position is at ρ = 0.5 as is the case with a
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typical IDB proﬁle in the LHD experiments at the mag-
netic axis of Rax = 3.75 m. The stable operational point
of the self-burning plasma near the minimum fusion out-
put is searched by scanning the pellet injection interval
under the direct core fueling condition (λ/a = 0.9) at
various pellet sizes. It is found that the averaged fueling
rate, which is deﬁned by the product of the pellet size
and injection frequency, is a key to control the fusion
output, and it is possible to obtain similar fusion output
by keeping an averaged fueling rate even if the pellet
size diﬀers by more than 10 times. Figure (a) shows
pellet size dependence of the density proﬁle just before
and after pellet injection, and Figure (b) shows the time
evolution of the fusion α output, temperatures and den-
sities, under the same averaged fueling rate condition at
1.43×1023 /s. Although the impact of the pellet fueling
on the ﬂuctuation of the plasma properties becomes sig-
niﬁcant as the pellet size increases, the averaged values
of the fusion α output, temperature and density remain
at almost the same level at Pα ∼ 900 MW, Te(0) ∼ 12
keV and ne(0) ∼ 3.5 × 1020 /m3, respectively. Figure
(c) shows the pellet size dependence of the fusion α out-
put ﬂuctuation due to the direct core fueling. The fu-
sion output ﬂuctuation level varies in proportion to the
pellet size. In the case of a 0.5 × 1022 pellet size, the
ﬂuctuation level is as small as 0.3 %. However, the ﬂuc-
tuation level is beyond 16 % at a 6.4 × 1022 pellet size
and such a large ﬂuctuation should be unacceptable in
terms of heat load onto the plasma facing components.
The pellet size dependence of the required pellet veloc-
ity which is estimated by the neutral gas shielding pellet
ablation model is shown in Figure (d). The required
velocity is reduced as the pellet size is increased. The
velocity reducing curve can be ﬁtted by the inverse ﬁve-
ninth power of the pellet size as shown by a broken line,
and it is consistent with the parameter dependence of
the NGS pellet penetration depth scaling. What is im-
portant is that the required velocity is beyond 10 km/s
even though a relatively large pellet that may induce a
large ﬂuctuation is employed, and it becomes 60 km/s
at a 0.5 × 1022 pellet size. The required pellet speed is
widely diﬀerent from the present-day injection technol-
ogy, the establishment of an entirely new technological
innovation is indispensable.
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